The GTPase dynamin clearly plays an important role in endocytosis, but precisely how has been controversial. Some recent results support the view that dynamin uses GTP hydrolysis physically to drive vesiculation; others support the view that dynamin acts as a classical G protein 'switch'. Perhaps both views are correct.
The GTP-hydrolysing protein dynamin plays a key role in vesiculation during endocytosis in eukaryotic cells. It has generally been thought that dynamin uses its GTPase activity as a driving force to generate endocytic vesicles by a process referred to as vesicle fission. For this reason, dynamin has commonly been referred to as a 'nonclassical' GTP-binding or G protein, to distinguish it from the better known, 'classical' G proteins that act as regulatory 'switches'. Recent work from Stowell et al. [1] has shown that GTP hydrolysis induces a conformational change within dynamin that could enable it to act as a spring that 'pops-off' endocytic vesicles. But recent work from Sever et al. [2] suggests that dynamin might in fact act more like a classical G protein, which in the GTPbound, activated state recruits a downstream effector molecule (or molecules) responsible for the vesicle fission step. According to this view, GTP hydrolysis would then act to terminate the signal for vesiculation and thus inhibit endocytosis. How can these apparently contradictory views be reconciled?
Dynamin is a 100 kDa protein that contains a number of distinct functional domains ( Figure 1) . A typical GTPase domain is present within the amino-terminal 300 amino acids, while the carboxy-terminal 350 amino acids include a pleckstrin homology (PH) domain, a coiled-coil/GTPase effector domain and a proline-rich domain. Mammals generally make three closely related isoforms of dynamin [3] . The main differences between the isoforms are found in the carboxy-terminal 150 residues, within the prolinerich domain. Dynamin 1 is specifically found in brain tissues and dynamin 3 is present in testes, while dynamin 2 is ubiquitously distributed. Dynamin homologs been found in yeast, plants, the nematode Caenorhabditis elegans and the fruitfly Drosophila, indicating that it plays a fundamental role in eukaryotic cell biology.
The functions of the various domains in dynamin have been well established. The PH domain has been shown to bind membrane phospholipids and is presumably important for dynamin's interaction with membranes [4] [5] [6] . The proline-rich domain interacts with amphiphysins that connect dynamin to clathrin and adaptins on endocytic pits. The interaction of the proline-rich domain with amphiphysins is regulated by phosphorylation, probably catalyzed by protein kinase C [7] . Interactions with the PH domain and proline-rich domain appear mainly to be involved in the initial steps of endocytosis, such as the membrane association and self-assembly of dynamin molecules into supramolecular complexes. The later steps of endocytosis -vesiculation -are thought to involve the GTPase domain and the coiled-coil domain/GTPase effector domain. The importance of the GTPase activity has been demonstrated by mutations that affect it, such as shibire in Drosophila, which have been shown to totally block endocytosis.
Studies using electron microscopy have demonstrated that dynamin is located along the neck of endocytic clathrincoated vesicles, forming a kind of molecular 'collar' [8, 9] . Takei et al. [8] found that, when nerve terminal membranes were treated with the non-hydrolysable GTP analogue GTPγS, dynamin assembled in a spiral fashion and vesicle necks became very long and tubular. These observations indicated that GTP facilitates the assembly of dynamin polymers. In vitro, however, purified dynamin was found to assemble in a guanine-nucleotide-independent manner into highly organized helical polymers that wrap around artificial liposomes, forming long, tube-like structures [10] . GTP hydrolysis still seemed to be critical for vesiculation, however, as the dynamin was able to sever the liposome tubes into vesicles only in the presence of GTP (and not GTPγS) [10, 11] . The implication is that dynamin uses the chemical energy of GTP hydrolysis as a driving force to pinch off endocytic vesicles.
More recently, Stowell et al. [1] have observed, again using electron microscopy, that the distance between two neighboring spirals of dynamin helices formed on phosphatidyl inositol 4,5-bisphosphate (PIP 2 )-containing lipid nanotubes changed upon GTP hydrolysis. When GTP was hydrolyzed, the distance between spirals increased, stretching the dynamin polymer along the lipid tubes. In contrast to a previous report [10] , in which the dynaminassembled liposome tubes were found to shrink upon addition of GTP, Stowell et al. [1] found that the diameter of the dynamin-assembled liposome tubes did not change on incubation with GTP.
The observations of Stowell et al. [1] were taken to mean that dynamin does not act by squeezing the lipid membrane that forms the neck of endocytic pits, pinching off vesicles as a result. Rather, the authors suggest that dynamin may act as a mechanical spring, with the clathrin-coated vesicle located at the end of the spring. In the scenario they propose, on hydrolysis of GTP the dynamin spring stretches, pushing the clathrin-coated vesicle so that it eventually becomes detached from the membrane stalk. Stowell et al. [1] found that the assembly of dynamin spirals on PIP 2 -containing lipid tubes enhanced the rate of GTP hydrolysis by about 1,000 fold; their results establish a link between GTP hydrolysis and the ability of dynamin to undergo a conformational change that significantly increases the spacing between dynamin rings on a lipid scaffold.
Whether dynamin is a 'pinchase' that pinches of endocytic vesicles [12] , or a 'poppase' that pops them off, its actions have appeared to be distinct from those of a classical G protein. The classical view of a G protein is that the GTPbound form of the molecule is the active species, which transmits a signal to downstream effector molecules; GTP hydrolysis turns off the signal, the G protein reverting to the inactive, GDP-bound state. But from the in vitro observations described above, it has seemed that dynamin uses GTP hydrolysis as a driving force for endocytosis, and may not require any additional effector molecule to execute a signaling function. But is this true for dynamin in vivo?
In an in vitro biochemical study combining limited proteolysis and chemical crosslinking approaches, Muhlberg et al. [13] found that the coiled-coil domain of dynamin can associate directly with the protein's GTPase domain, thereby stimulating its GTPase activity. This implied that the coiled-coil domain acts an intramolecular GTPase activating domain, and it was accordingly renamed the GTPase effector domain. Mutational analyses showed that lysine 694, arginine 725 and arginine 730 are essential for the isolated GTPase effector domain to stimulate the GTPase activity of the isolated GTPase core domain [2] . Arginine 725 is directly involved in stimulating GTPase activity upon dynamin assembly, and seems to be equivalent to the socalled 'arginine finger' that has been found to be essential for the activity of virtually all GTPase-activating proteins (GAPs) that have been characterized for the small, Ras-related G proteins.
Interestingly, the GTPase effector domain mutants that could not stimulate the GTPase core domain were able to stimulate GTP hydrolysis when the proteins were added to the full-length dynamin molecule. On the basis of this, Sever et al. [2] proposed a cis-trans activation model, illustrated in Figure 2 . In this model, when dynamin exists as tetramers, the GTPase effector domain can interact with the catalytic GTPase domain either intramolecularly or intermolecularly (the intramolecular case is shown in Figure 2 ). The cis-interaction alone, however, is unable to stimulate GTPase activity. When the dynamin tetramers assemble into a polymer, the resulting intermolecular (trans) interactions make it possible for the cis-interaction to stimulate the catalytic activity of the GTPase domain. Lysine 694, arginine 725 and arginine 730 are all critical for the cis, but not the trans, stimulating activity of the GTPase effector domain. GTPase effector domains mutated at these positions can thus still stimulate the GTPase activity of native dynamin molecules.
None of these findings is inconsistent with the general idea that dynamin acts as a molecular motor which uses GTP hydrolysis to drive endocytosis. What does significantly challenge this idea, however, is the finding that overexpression of the mutant forms of dynamin with lysine 694 or arginine 725 replaced by alanine, which as mentioned above are defective in stimulating the GTPase activity of the catalytic domain, stimulated, rather than inhibited, receptor-mediated endocytosis [2] . If GTP hydrolysis provides the mechanical force that generates endocytic vesicles, it might have been expected that these mutants would block, and not stimulate, endocytosis. These findings led Sever et al. [2] to suggest that dynamin may act as a classical G protein, which in the activated, GTP-bound state recruits vesicle-fission machinery to the neck of endocytic pits.
The question, then, is whether dynamin, as previously suspected, is a 'blue collar' molecule that works alone to drive endocytosis via GTP hydrolysis, or whether it is a 'white collar' molecule that manages other 'worker' molecules that it recruits and/or stimulates to effect vesicle fission. Clearly, further investigation will be necessary to reach a definitive conclusion. But a careful review of the data suggests that both answers might be correct. One intriguing possibility is that dynamin itself serves as its own downstream target responsible for self-assembly and that the hydrolysis of GTP is the mechanical force responsible for generating endocytic vesicles.
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Figure 1
The domain structure of dynamin. The domains highlighted are conserved among dynamin 1, 2 and 3. PH domain, pleckstrin homology domain; CC/GED, coiled coil/GTPase effector domain; PRD, proline-rich domain. The region connecting the GTPase domain and the PH domain is not an identified domain. This possibility emerges from several observations. As mentioned above, the application of GTPγS to nerve terminal membranes promoted the assembly of dynamin into longer-than-normal polymers [8] . This indicated that the binding of GTP favors the self-assembly of dynamin. Although the self-assembly process in vitro did not appear to require added guanine nucleotide, it may be that the high concentrations of dynamin typically used in these experiments meant that self-assembly occurred by relatively low-affinity interactions. The GTP binding may induce higher-affinity interactions, which enable selfassembly to be achieved in a shorter time frame and at the lower concentrations of dynamin that exist in vivo. A further relevant observation is that, as consistently shown by several groups, dynamin does not require other proteins to generate vesicles in vitro [9] [10] [11] 14] .
If dynamin does use GTP hydrolysis as a driving force to produce endocytic vesicles, how is it that the mutant forms of dynamin defective in GTPase activation can stimulate receptor-mediated endocytosis? In the case of the arginine 725 mutant, one possibility is that the GTPbound form acts as a trans-activator of endogenous dynamin molecules, as proposed in the cis-trans activation model. In the case of the lysine 694 mutant, while it appears that it has a reduced ability to drive self-assembly, it apparently can self-assemble in the presence of a microtubule template. So this mutant dynamin might effectively assemble into polymers in vivo, and when overexpressed have a stimulatory effect on endocytosis. Note that, even if one assumes that dynamin acts as a classical G protein to stimulate endocytosis, it would be difficult to explain how the lysine 694 mutant stimulates endocytosis, given that it is defective in assembling into a functional ring at the neck of endocytic pits.
The findings of Sever et al. [2] raise a number of intriguing questions for future investigation. For example, will forms of dynamin with mutations of the catalytic GTPase domain, which can self-assemble but not hydrolyze GTP, stimulate receptor-mediated endocytosis, as the GTPase effector domain mutants were seen to do? Although the lysine 44 mutant is GTPase-defective and has been shown to block receptor-mediated endocytosis [15] , it is not clear that this mutant binds GTP with wild-type affinity, or that it self-assembles normally into a ring structure at the neck of endocytic pits. It will be important to test additional GTPase-defective dynamin mutants to fully understand the role of GTP hydrolysis in endocytosis.
A number of other interesting issues remain to be resolved. One is the nature of the mechanism by which the intermolecular (trans) interactions of GTPase effector domains facilitate the cis interactions that activate the catalytic GTPase domain. Perhaps one GTPase effector domain supplies the 'arginine finger', while the other stabilizes the conformation of dynamin necessary to achieve the transition state for GTP hydrolysis; these have been shown to be the two main components of the catalytic activity of small GTPase GAPs, and equivalent functions are provided by the helical domain of heterotrimeric Gα subunits and the RGS proteins that regulate their GTPase activity. Finally, the identification of additional dynamin-binding partners should help to unveil the mystery of vesicle fission, and to establish if in fact there are downstream proteins that interact selectively with GTP-bound dynamin to initiate the fission event.
Together, this information should allow us to ultimately answer whether dynamin acts as a 'blue collar' or a 'white collar' molecule in regulating endocytosis.
Figure 2
A model of cis-trans activation of dynamin GTPase activity by the GTPase effector domain [2] . In the native state, dynamin exists as a tetramer [10] . The GTPase effector domain engages in an intramolecular (cis) interaction with the GTPase domain; this association alone is not sufficient to stimulate the GTPase activity, however. When a dynamin polymer is assembled, bringing tetramers together, intramolecular (trans) interactions between GTPase effector domains lead to a marked stimulation of the GTPase activity.
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